The yeast-phase cell cycle of Wangiella dermatitidis was studied using flow microfluorimetry and the deoxyribonucleic acid (DNA) synthesis inhibitor hydroxyurea (HU). Exposure of exponential-phase yeastlike cells to 0.1 M HU for 3 to 6 h resulted in the arrest of the cells in DNA synthesis and produced a nearly homogeneous population of unbudded cells. Treatment of the yeast-phase cells with HU for 9 h or longer resulted in the accumulation of the cells predominantly as budded forms having either a single nucleus in the mother cell or a single nucleus arrested in the isthmus between the mother cell and the daughter bud. Exposure of unbudded stationary-phase cells to 0.1 M HU resulted in the accumulation of the cells in the same phenotypes. Analysis by flow microfluorimetry and cell counts of HU-inhibited mithramycin-stained cells indicated that the eventual progress of HU-inhibited cells from unbudded to the two budded forms was due to the limited continuation of the growth sequence of the cell cycle even in the absence of DNA synthesis, nuclear division, and in some cases nuclear migration. On the basis of these observations and the results of flow microfluorimetric analysis of exponential-phase cells, a map of the yeast-phase cell cycle was constructed. The cycle appears to consist of two independent sequences of events, a budding growth sequence and a DNA division sequence. The nuclear division cycle of yeast-phase cells growing exponentially with a 4.5-h generation time is composed of a Gl interval of 148 min, an S phase of 16 min, and a G2 plus M interval of 107 min.
Yeastlike cells of the polymorphic pathogenic fungus Wangiella dermatitidis are derived from lateral and terminal hyphal blastospores and their yeast progeny (19) . Culture of yeastlike cells under very acidic conditions or incubation of yeastlike cells of temperature-sensitive multicellular mutants at the restrictive temperature (370C) induces conversion to the multicellular morphology (23, 30) . Multicellular forms are large, thick-walled, muriform units which resemble sclerotic bodies, the characteristic in vivo phase of chromomycotic fungi (1) . Subculture of the acid-induced multicellular forms in a medium of neutral pH or incubation of the temperature-induced multicellular bodies at the permissive temperature (25°C) encourages hyphal development (23, 30) . Conversion of yeastlike cells to the multicellular morphology is accompanied by cellular enlargement in the absence of bud formation and by continuation of macromolecular synthesis, nuclear division, and cytokinesis without cell separation (21, 23) . Thus, conversion to multicellularity appears to be the result of the arrest of a particular yeast-phase cell cycle event, probably bud formation. To document the nature of events leading to multicellularity, it was necessary to describe the yeast-phase cell cycle.
In recent years cell cycle analysis of asynchronous, exponential-phase populations of mammalian cells has been performed both accurately and rapidly using flow microfluorimetry (FMF). Cellular DNA is stained with a fluorescent dye, and the fluorescence of individual cells is determined as each cell passes through a laser beam (32) . The DNA distribution of an exponentialphase population generated by such an analysis is generally bimodal. The first peak represents cells in Gl, and the second represents G2 plus M-phase cells, with S-phase cells lying in between the two peaks. From the data the percentage of cells in each interval can be determined (3) and then used to calculate the duration of each interval in the cycle (20) . This type of cell cycle analysis has now been successfully applied to cells of lower eucaryotes (12, 13, 29 (29) . Their results were consistent with those reported by others who used more tedious and time-consuming methods (9, 10, 33) and are similar to those reported by 722 ROBERTS AND SZANISZLO stained with propidium iodide for FMF analysis (12) .
The relationship between the DNA division sequence and the growth sequence of the cell cycle (18) can be studied using the inhibitor hydroxyurea (HU). HU is a specific inhibitor of DNA synthesis in both procaryotic and eucaryotic cells (24, 26) and is reported to exert its effect via the inhibition of ribonucleotide diphosphate reductase (4) . Initially Slater illustrated the usefulness of HU in studying the cell cycle of S. cerevisiae (27) . Cells (21, 28) for gross morphology and for nuclear condition. Cells were scored as one of four cell types: unbudded yeastlike cells with one nucleus (type I); budded yeastlike cells with a single nucleus in the mother cells (type II); budded yeastlike cells in which the nucleus was located in the isthmus between the mother cell and the daughter bud (type III); and budded yeastlike cells with two nuclei, one each in the mother cell and the daughter bud (type IV). Because it was difficult to determine microscopically whether a type IV cell had completed cytokinesis, no effort was made to differentiate between cells which had completed both cytokinesis and mitosis and those which had completed mitosis but not cytokinesis. Cells with buds ranging in size from one-quarter of the size of the mother cell to equal in size to the mother cell were scored as budded forms. The percentage of budded cells in the population was the sum of the percentages of type II, III, and IV cells. The values for the percentage of a cell type in a population represent the average of three independent cell counts; for each count 120 cells were scored.
The distribution of cells with respect to DNA content was determined by FMF analysis. Preliminary analysis was performed with propidium-iodide-stained cells. Determinations were subsequently performed with mithramycin-stained cells by using a Fluorescence Activated Cell Sorter-IT (Becton-Dickinson) as described elsewhere (29) . Because analysis of the data derived by use of the mithramycin-stained cells revealed that the peaks corresponding to Gl and G2 plus M-phase cells had a smaller coefficient of variation and a modal fluorescence intensity ratio closer to the expected value of 2.00 than did the data derived by use of propidium-iodide-stained cells, the data resulting from use of the mithramycin-stained cells were (Fig. 4) . Because the treatment with HU appeared to effect a redistribution of the population among the four cell types, changes in the percentage of each during treatment with 0.1 M HU were monitored (Fig. 5) . In the population of untreated cells, the percentage of type I cells decreased from about 75% at time 0 to about 45% by 6 h (Fig. 5B) were almost identical to the percentages at 0 time because the inoculum represented cells from a 24-h-old culture. The decrease in type I cells and increase in type II and IV cells between 3 and 6 h indicated that some synchronization of the growth sequence was induced by transfer of exponential-phase yeast cells to fresh medium.
The changes in the percentage of each cell type observed in the HU-treated population (Fig. 5A) (Fig. 6A) . At all concentrations of HU, the percentage of type IV cells was low (Fig. 6D) . In addition, it can be seen that the primary or initial effect of HU was (Fig. 7B) . Although the majority of the cells had a DNA content similar to that of Sphase cells (modal fluorescence intensity at channel 222), the peak was broader than that observed for 6-h HU-treated cells and was skewed toward cells with a 2c DNA content.
Characterization of stationary-phase cells. Because induction synchronization of yeastlike cells of W. dermatitidis by several methods has proved to be relatively inefficient or not useful (22) , and selection techniques have not been perfected, stationary-phase cells were characterized to determine whether they could be used as a source of a homogeneous population with which to study the effects of HU. The percentages of the four cell types present in a stationary-phase culture were determined so as to establish the uniformity of the cell types present. Type (14) , were arrested in the Gl phase of the cell cycle. 
M) for 6 h (A) and 12 h (B).
The modal fluorescence intensity of the first peak in the DNA content of 6-h HU-treated cells was located at channel 211, whereas the modal fluorescence intensity of the second peak was observed at channel 410. The curves for the DNA distributions for cells in the first peak (----) and the second peak (... ) were determined by computer-based curve-fitting analysis in which the data were fitted to a normal distribution. (Fig. 8) . The modal fluorescence intensity of the first (large) peak is at channel 153, whereas the second peak has a modal fluorescence intensity at channel 290. The percentage of cells represented by each peak was determined by computer-based curve-fitting analysis using a normal distribution. 
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The percentage of the population having a Gl content of DNA, i.e., those in the first, large, peak, was about 95%. The percentage of cells in the second, smaller, peak was about 5%; these cells had a 2c DNA content but probably corresponded to those cells in the population that were in the type IV phenotype and, thus, were also in G1. Although stationary-phase cells were apparently a homogeneous population with respect to DNA content, determination of the size distribution of the cells in such a population revealed that the unbudded cells in the first, large, peak were quite heterogeneous with respect to overall size (data not presented). HU treatment of stationary-phase cells. Stationary-phase cells were used to inoculate both CDY medium and CDY containing. HU (0.1 M); the percentages of the four cell types in these cultures were determined at intervals during a 36-h period of culture (Fig. 9) . During the first 6 h of culture, the percentages of all cell types remained constant in the untreated culture (Fig. 9B) . However, after 6 6 h reflected the somewhat synchronous development of the cells after introduction into fresh medium.
Very different results were observed in the HU-treated culture (Fig. 9A) DISCUSSION Because HU has proved to be an effective inhibitor of the DNA division sequence of the cell cycle of S. cerevisiae, but does not directly affect the growth sequence (27) , HU was employed to study the relationship of the two sequences in the yeast-phase cell cycle of W. dermatitidis. The effect of HU on the yeast cells of W. dermatitidis was similar in several respects to its effect on the yeast cells of S. cerevisiae (27) . In the presence of HU, DNA synthesis was inhibited, only a portion of the population was able to complete cell division, and the cells eventually accumulated predominantly as budded forms. In addition, treatment ofyeast-phase cells of W. dermatitidis with HU also resulted in some inhibition of RNA and protein synthesis, an effect of HU which has also been observed in cells of S. cerevisiae (27) as well as in other cell types (2, 25, 31) . However, the results observed when cells of W. dermatitidis were exposed to HU were different in one major respect from those reported for yeast cells of S. cerevisiae treated with HU. HU treatment of cells of W. dermatitidis resulted first in the accumulation of unbudded forms, followed by the redistribution of the cells among four terminal phenotypes; in a similarly treated population of S. cerevisiae, the cells accumulate in only one terminal phenotype, budded cells with the nucleus located in the isthmus between mother cell and daughter bud.
The effect of HU on the phenotypes present in a population of yeastlike cells of W. dermatitidis can be explained in at least two ways. First, HU treatment resulted in blocks at several points in the cell cycle, i.e., a differential effect of HU on cells at several points in the cycle. This explanation implies that the final phenotype of a cell was dependent upon the cell cycle position of that cell at the time of exposure to HU. Alternatively, the effect of HU may have been the result of the arrest of the cells at one point in the DNA division sequence of the cycle, most likely at DNA synthesis. According to this alternative, the final phenotype was independent of the cell cycle position of the cell when exposed to HU. The second explanation is more likely for three reasons: (i) initially HU treatment resulted in a population represented almost totally by the type I morphology, the phenotype of S-phase cells, (ii) the majority of HUtreated cells exhibited a DNA content typical of S-phase cells, (iii) HU treatment of stationaryphase cells produced a population consisting of three cell types, I, II, and III. These results would not be expected if the effect of HU was dependent upon the position of a cell in the cycle at the time of exposure to Hu with HU-induced blocks at several points in the cycle. However, the results are in agreement with the second alternative. The primary effect of HU was to arrest the DNA division sequence of the cycle in S-phase with the concomitant accumulation of the cells in the type I morphology, the phenotype characteristic of S-phase cells.
The appearance of type II and III cells in HUtreated populations of stationary-and exponential-phase cells may be the result of (i) a secondary effect of HU, i.e., the slow progress of the growth sequence of the cycle despite the arrest of the DNA division sequence, or (ii) synthesis of sufficient DNA to allow progress of both the DNA division sequence and the growth sequence. Superficially, the second alternative seems likely in view of the FMF analysis of 6- and 12-h HU-treated cells in which the modal fluorescence intensity of the peak of S-phase The results obtained by FMF analysis and cell counts of mithramycin-stained exponentialphase and HU-treated cells were used to construct a map of the yeast-phase cell cycle of W. dermatitidis (Fig. 10) . The cell cycle of this organism, like that of many other eucaryotes (17) , can be divided into four intervals: Gl, S, G2, and M (11). Superimposed upon the events involved in DNA synthesis and nuclear division (the DNA division sequence) are the events of bud emergence and bud enlargement (the growth sequence). Bud emergence in yeastlike cells of this organism probably occurs in early G2, suggesting that a large part of the synthesis of cellular constituents necessary for production of a daughter cell probably occurs in the latter portion of the cycle. Because bud emergence probably occurs in early G2, type II cells in an exponential-phase population represent cells in mid-to late G2, whereas cells in G1, S, and early G2 are represented by the type I phenotype (unbudded cells). The M phase of the cycle is represented by cells in the type III phenotype; this interval of the cycle occupies only a small fraction of the cycle, probably 10 min or less. Cells which have completed M but have not completed cytokinesis or cell separation or both are Gl-phase cells represented by the type IV phenotype. Thus, cell division is actually completed with cell separation, which occurs early in the Gl interval.
Comparison of the data derived by FMF analysis and cell counts of exponential-phase cells of W. dermatitidis with similar data for S. cerevisiae growing with a comparable generation time (29) reveals certain similarities between the two organisms. First, the length of S phase in both organisms is about the same, 15 to 20 min. This is also in agreement with the length of S phase (20 (Fig. 10) . The DNA division sequence includes initiation of DNA synthesis, DNA synthesis, and nuclear division; the budding growth sequence consists of bud emergence, bud enlargement, and nuclear migration. The existence of the two VOL. 144, 1980 on October 19, 2017 by guest http://jb.asm.org/ independent sequences is supported by two observations. First, some cells arrested in DNA synthesis by HU were eventually able to complete bud initiation, bud enlargement, and nuclear migration, whereas nuclear division, cytokinesis, and cell separation did not occur. Similar behavior has been observed in cells of S. cerevisiae blocked by HU (27) or by a mutation in DNA synthesis (5) . Second, cells of the temperature-sensitive multicellular mutants of W. dermatitidis, like the mutant of S. cerevisiae blocked in bud emergence (9), continue to synthesize DNA and undergo nuclear division even in the absence of bud formation (21, 23 (21) . Finally, the cell cycles of both organisms are similar in that both cycles arrest in Gl when the cells enter stationary phase (14) . Although the cell cycle of W. dermatitidis is similar to that of S. cerevisiae, it differs in several respects. First, the Gl phase (exclusive of the time from mitosis to cell separation) in cells of S. cerevisiae growing at a rate similar to the 4.5-h generation time of W. dermatitidis is about 148 min (29) , whereas this interval occupies only about 113 min in yeast-phase cells of W. dermatitidis. The G2 interval in W. dermatitidis is much longer, 107 min as compared to 47 min for S. cerevisiae (29) . The difference in the length of the Gl and G2 intervals may reside in differences in cell-cycle controls on morphogenesis and differentiation. In S. cerevisiae, the decision to begin mitosis, zygote formation, or meiosis is made in Gl (7), whereas, from studies of temperature-sensitive mutants, it appears that conversion to altemate morphologies by yeastphase cells of W. dermatitidis, at least the transition to the multicellular form (Roberts, unpublished data), may occur during G2. Second, bud emergence, which occurs early in the S phase in S. cerevisiae (7) , probably occurs in W. dermatitidis during the G2 interval; the difference in the onset of bud formation in the two organisms most likely resides in the longer G2 period in W. dermatitidis. Finally, in HU-treated populations of S. cerevisiae all the cells complete bud formation and nuclear migration (27) , whereas only a portion of the cells blocked by HU in cultures of W. dermatitidis executed bud formation and nuclear migration. Although this difference in response to HU may be due to differences in the effect of HU on protein and RNA syntheses in the two organisms, it may suggest that bud formation may be more tightly controlled in W. dermatitidis than in S. cerevisiae. The tighter control in W. dermatitidis could reflect the polymorphic nature of the organism; control of differentiation in such an organism may necessitate stringent control mechanisms.
